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INTRODUCTION 

The composi t ion and t h e  r a t e s  o f  e v o l u t i o n  o f  l i g h t  gases and v o l a t i l e  ma te r i -  
a l s  f rom Athabasca and Cold Lake o i l  sand bitumen and t h e i r  separated f r a c t i o n s  
have been descr ibed as a f u n c t i o n  o f  t e m p e r a t ~ r e . ’ - ~  
Arrhenius parameters f o r  p roduc t  f o rma t ion  i t  was concluded t h a t  b o t h  these rese r -  
v o i r s  a re  c u r r e n t l y  undergoing a slow b u t  measurable thermal decomposit ion even a t  
t h e  fo rma t ion  temperature.  
f o r  t h e  whole o i l  sand system were low, r i n g i n g  between 6 and 26 kcal /mol ,  i n d i c a -  
t i n g  t h e  c a t a l y t i c  e f f e c t s  o f  minera l  m a t t e r  p resen t  i n  t h e  o i l  sand. 
suggests a common o r i g i n  f o r  these o i l s ,  cind our  own suggested s i m i l a r  
thermal d iagene t i c  h i s t o r i e s  f o r  t h e  Atha!,asca and Cold Lake o i l  sand deposi ts .  
S i m i l a r  s tud ies  have now been conducted 011 t h e  Peace R i v e r  o i l  sand t o  ga in  deeper 
i n s i g h t  i n t o  t h e  r e l a t i o n s h i p s  between t h i s  o i l  and t h e  o t h e r  two o i l  sands. 

P r e l i m i n a r y  r e s u l t s  on t h e  k i n e t i c s  o f  consumption o f  molecular  oxygen i n  t h e  
the rmo lys i s  o f  t h e  Athabasca o i l  sand, e x t r a c t e d  bitumen, asphal tene and maltene 
have shown t h a t  t h e  r a t e  o f  t he rmo lys i s  o f  each p roduc t  was s u b s t a n t i a l l y  increased 
i n  t h e  presence o f  m o l e c u l a r  oxygen and t h a t  t h e  r a t e  o f  d e p l e t i o n  o f  oxygen f o l -  
lowed f i r s t  o r d e r  r e a c t i o n   kinetic^.^*^ 
i n  a s u b s t a n t i a l  i nc rease  i n  t h e  asphal tene con ten t  o f  t h e  sample. 

From t h e  e s t i m a t i o n  o f  t he  

The a c t i v a t i o , ?  energ ies f o r  t h e  fo rma t ion  o f  products  

Prev ious work 

Exposure o f  t h e  o i l  sand t o  oxygen r e s u l t e d  

These s t u d i e s  have been extended t o  i n c l u d e  t h e  e f f e c t s  o f  oxygen pressure and 
h e a t i n g  t ime on the  y i e l d s  o f  t h e  products  f rom t h e  whole o i l  sand as a f u n c t i o n  of 
temperature i n  o r d e r  t o  c l a r i f y  geo log i ca l  processes such as t h e  i n t r o d u c t i o n  of 
molecular  oxygen i n t o  t h e  bitumen v i a  o x i d i z i n g  ground water and weather ing proces- 
ses o c c u r r i n g  a t  t h e  o i l  sand outcrops o r  i n  p i l e s  o f  mined b i tuminous sand. 

EXPERIMENTAL 

The exper imenta l  d e t a i l s  f o r  t h e  c o l l e c t i o n  and a n a l y s i s  o f  gases and t h e  
v o l a t i l e  m a t e r i a l s  have been descr ibed The Peace R i v e r  o i l  sand was 
rece ived  f rom Shel l  Canada L td . ,  l a b e l e d  085-5 S h e l l  Cadotte OV, 4-21-85-18 W5 from 
a depth o f  563-573 m. 
exposed t o  a i r  a t  some stage.  
f o r  most o f  t h e  exper iments i n  o r d e r  t o  o b t a i n  r e p r o d u c i b l e  r e s u l t s .  

v o i r  were used f o r  t h e  o x i d a t i o n  experiments. Bitumen was e x t r a c t e d  from t h i s  o i l  
sand and separated i n t o  asphal tenes and maltenes u s i n g  s tandard techniques.s  
amounts o f  c l a y  and m ine ra l  m a t t e r  present  i n  these f r a c t i o n s  were removed by cen- 
t r i f u g a t i o n .  Non-condensable gases a t  77°K were analyzed by gc on a 2.4 m molecu- 
l a r  s ieve  column and t h e  gases v o l a t i l e  a t  195°K b u t  condensable a t  77°K on a 4.6 m 
Porapak Q column. S ince  n_epentane, acetone, propionaldehyde and carbon d i s u l f i d e  
a r e  unresolved on Porapak Q, t h i s  t o t a l  f r a c t i o n  was t rapped from t h e  e f f l u e n t  and 
f u r t h e r  analyzed on a 4.6 m t r i c r e s y l p h o s p h a t e  column, on which e x c e l l e n t  r e s o l u t i o n  
was achieved. 

These samples were con ta ined  i n  s p l i t  cores which had been 
The o i l  sands were manual ly  homogenized before use 

The b i tuminous sands f rom the  Sa l i ne  Creek tunne l  area o f  t h e  Athabasca rese r -  

Trace 

260 



RESULTS AN0 O I S C U S S I O N  

The composit ion and r a t e s  o f  t h e  l i g h t  gases evolved from the  Peace R i v e r  
\ b i tuminous sand a t  278, 298, 323, 343, 368, 388, 403 and 423°K a re  presented i n  

Table I .  The v o l a t i l e  m a t e r i a l  ob ta ined  up t o  298"K, which i s  t he  fo rma t ion  

Composit ion o f  Gases Evolved from t h e  Peace R ive r  o i l  sand Table I .  
as a Func t i on  o f  Temperature ~ 

mol h r - '  kg-' o i l  sand 
Temperature (OK) 278 298 323 343 365 388 403 423 
Heat ing Time (hours)  5.5 5.5 5.5 5.2 3.0 2.0 2.0 1 .o 
Methane 
Ethy lene 
Ethane 
Methanol 
Acetaldehyde 
Propylene 
Propane 
- i -Butane 
- i-Butene 
- n-Butane + Butenes 
Pentanes + Pentenes 

Carbon monoxide 
Carbon d i o x i d e  
Carbonyl s u l f i d e  

c 6  

0.62, 
n.0. 
n.0. 
n.0. 
0.03 
0.10 
n.0. 
n.0. 
n.0. 
n.0. 

17.7 
7.3 
0.24 

143 
0.03 

0.85 1.4 
0.10 10.2 
0.03 0.58 
n.0. n.0. 
0.18 12.2 
0.11 10.9 
n.0. 1.8 
n.0. 0.09 
n.0. 6.3 
0.13 0.78 

26.4 6.7 
9.8 2.7 
0.54 14.4 

500 3,260 
0.04 0.59 

7.6 20.7 
12.7 7.9 

6.1 3.2 
0.11 4.3 

80.1 165 
24.3 35.8 

8.9 20.1 
11.7 11.6 

26.4 80.2 126 101 
11.6 15.6 37.2 62.6 

4.2 22.2 12.6 34.7 
0.9 11.6 
6.2 8.7 
3.0 7.4 

13.0 65.8 
6.2 10.9 

20.3 483 
6,820 24,300 

1.30 11.5 

7.9 20.8 
27.5 50.3 
17.0 21.8 

112 170 
24.9 38.0 
261 548 

13,400 26,800 
20.3 31.8 

577 
43.4 
50.5 
16.1 

155 
156 
357 
151 

124.5 
86.7 

609 
119 

2,050 
101,000 

105 

aNot observed. 

temperature, a re  CHI,, C2H4, C2Hp, CH3CH0, C3H6,  ~ ~ C b H 1 , ,  1- o r  2-C4H8, C5. C 6 ,  CO, 
COP and COS, and these a r e  considered t o  be c o n s t i t u e n t s  present  i n  t h e  fo rma t ion .  
Neopentane was n o t  de tec ted  i n  these samples, i n  c o n t r a s t  t o  t h e  Athabasca and Cold 
Lake b i tuminous 

It i s  observed t h a t  a cons ide rab le  s i m i l a r i t y  e x i s t s  i n  t h e  gases found t o  be 
p resen t  i n  t h e  Peace River ,  Cold Lake and Athabasca depos i t s  w i t h  t h e  n o t a b l e  ex-  
c e p t i o n  o f  neopentane, which i s  absent i n  t h e  Peace R i v e r  
t i o n  temperatures f o r  t h e  Athabasca, Co ld  Lake and Peace R i v e r  r e s e r v o i r s  a r e  278, 
293 and 300"K, r e s p e c t i v e l y .  The y i e l d s  o f  hydrocarbon gases - w i th  t h e  excep t ion  
o f  methane - f rom t h r e e  r e s e r v o i r s  a t  343°K inc rease  w i t h  i n c r e a s i n g  fo rma t ion  
temperature. 3 

The y i e l d s  o f  a l l  m a t e r i a l s  a f t e r  a g i ven  t ime  a r e  enhanced w i t h  i n c r e a s i n g  
temperature, i n d i c a t i n g  t h a t  b o t h  the rmo lys i s  and deso rp t i on  processes may be i n -  
vo lved i n  determin ing t h e  y i e l d .  The amounts o f  v o l a t i l e  m a t e r i a l s  evolved a t  278'K 
a r e  l e s s  from t h e  Peace R i v e r  b i tuminous sand than those from t h e  Athabasca and Cold 
Lake samples.'-3 However, t h e  r a t e s  o f  i nc rease  o f  most o f  t h e  products  w i t h  r i s i n g  
temperature a re  h i g h e r  i n  t h e  former than  i n  t h e  l a t t e r .  

The y i e l d s  o f  products  as a f u n c t i o n  o f  r e a c t i o n  t i m e  o f  Peace R ive r  o i l  sand 
wer2 s t u d i e d  i n  d e t a i l  a t  423°K us ing  homogenized b i tuminous sand samples. The 
homogenization process was done q u i c k l y  t o  min imize a d d i t i o n a l  con tac t  o f  t h e  
b i tuminous sand w i t h  a i r .  The r e s u l t s  show t h a t  a l t hough  t h e  product  y i e l d s  in -  
crease w i t h  i nc reas ing  r e a c t i o n  t ime,  however, t h e  r a t e s  o f  f o rma t ion  o f  some o f  
t h e  products  a c t u a l l y  decreased. 
- i - C 4 H 8 ,  CO and COS i n  F i g u r e  1 where r a t e s  o f  f o rma t ion  cou ld  be est imated f rom t h e  
s lopes o f  the curves. From these p l c t s  i t  appears t h a t  CH4, CO and COS a r e  p r imary  

The forma- 

T h i s  i s  i l l u s t r a t e d  f o r  t h e  cases o f  CHI,, C2H4, 
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products while t he  principal or ig ins  of C2H4 and i-~C4H8 a r e  secondary i n  nature. 

Figure 1. Yields of 
423°K. 
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gases as  a function of time in the  Peace River o i l  sand a t  

Kinetic treatment of some of the data in Table I ,  i . e . ,  p lo ts  of t he  logarithms 
o f  r a t e s  versus reciprocal temperatures yielded Arrhenius parameters which are 
l i s t e d  in Table 11. The corresponding values estimated from the  Cold Lake and 
Athabasca data a r e  included in Table I1 f o r  comparison. The ac t iva t ion  energies for 
t he  most of the product formation from Peace River o i l  sand a re  higher than those 
from Athabasca o r  Cold Lake samples. This implies t h a t  the  former reservoir i s  more 
mature than the l a t t e r  two.  I t  i s  i n t e re s t ing  t o  note, however, t h a t  the  activation 
energy of 4.1 kcal/mol f o r  ethylene formation from Peace River o i l  sand i s  much low- 
e r  than those f o r  Athabasca or Cold Lake, which a re  11.8 and 12.4 kcal/mol, respec- 
t i v e l y .  I t  must be pointed o u t  t h a t  a l l  the  ac t iva t ion  energies measured are very 
low, indicating t h a t  ca t a ly t i c  processes a r e  involved. The ra tes  of product forma- 
t i on  a t  278"K, ca lcu la ted  by extrapolation of t he  Arrhenius parameters, a r e  included 
in Table 11. These r a t e s ,  which are small b u t  s i gn i f i can t  even a t  278"K, indicate 
t h a t  a l l  these o i l  sand reservoi rs  o f  Alberta a r e  presently undergoing similar 
thermal maturation processes. 

these o i l  sand formations support our e a r l i e r  conclusion tha t  these  deposits have a 
common or ig in  and a s imi la r  diagenetic h i ~ t o r y . ' - ~ * ~  

in t h e  absence and presence of oxygen a r e  l i s t e d  in Table 111. I n  the absence of  
oxygen C i - C G  hydrocarbons, CH3CH0, CO a n d  C02 were detected.  
oxygen acetone, propionaldehyde and carbon d isu l f ide  a r e  produced in addition t o  
the  above compounds. 
y i e lds  Of every product except o l e f in s .  

The d i s t r i b u t i o n  of the products and the values of the  Arrhenius parameters for 

The y i e lds  of the  vo la t i l e  materials collected from Athabasca o i l  sand a t  333°K 

I n  the  presence of 

I t  was observed tha t  oxygen has an enhancing e f f ec t  on the  
These r e su l t s  a r e  in cont ras t  to  those 
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ob ta ined  a t  403°K where oxygen has an enhancing e f f e c t  on t h e  y i e l d s  o f  each 
product .  

The r a t e s  o r  r a t i o s  o f  r a t e s  o f  e v o l u t i o n  o f  some o f  t h e  gases a t  403°K f o r  
4 h r s  h e a t i n g  t i m e  as a f u n c t i o n  of  oxygen pressure a r e  p l o t t e d  i n  F igu re  2. I t  i s  
apparent  from t h e s e p l o t s  t h a t  t h e  r a t e  o f  t he rmo lys i s  increases w i th  inc reas ing  p res -  
su re  o f  oxygen; however, t h e  r a t e s  o f  some products  r i s e  more r a p i d l y  than  those o f  
o the rs .  

F i  u r e  2. Rates o r  r a t i o s  o f  ra tes  P-- based on  t h e  r a t e  i n  t h e  absence 
o f  O2 = 1.00) i n  t h e  the rmo lys i s  
o f  Athabasca o i l  sands a t  403°K as 
a f u n c t i o n  o f  oxygen pressure: 

0,  CHI, ( ra tes ) ;  

A ,  CO ( r a t e  r a t i o s ) ;  

V, CO;! ( r a t e  r a t i o s  + 45); 
0,  CH3CH0 ( r a t e  r a t i o s  + 10) ;  

0 ,  cS2 ( r a t e s  + 20); 
A, C2H6 ( r a t e s  + 50); 
p,  C3H6 ( r a t e s  + 60); 
e, CH3COCH3 ( r a t e s  + 70) and 

A, CH30H ( r a t e s  + 80). 

3 
0 40 80 120 160 200 240 280 320 

P ,torr 
0 2  

It has been observed t h a t  t h e  r a t e s  o f  e v o l u t i o n  o f  CH, and CO a t  373°K are 
n o t  a p p r e c i a b l y  a f f e c t e d  i n  t h e  presence o f  a few t o r r  oxygen b u t  a r e  markedly  en- 
hanced a t  h i g h e r  pressures.  These r e s u l t s  i m p l y  t h a t  e i t h e r  t h e  p roduc t  y i e l d s  a r e  
i n s e n s i t i v e  t o  t r a c e  amounts o f  oxygen i n  t h e  system o r  t h a t  t h e  sample was a l ready 
contaminated w i t h  oxygen d u r i n g  s torage and handl ing.  

The y i e l d s  o f  a few t y p i c a l  products  a r e  p l o t t e d  as a f u n c t i o n  of t ime  i n  
F i g u r e  3. Those o f  CH3CH0, CH3COCH3, C2H5CH0 and CS2 i n i t i a l l y  i nc rease  w i t h  i n -  
c reas ing  convers ion  o f  t h e  bitumen, then  d e c l i n e ,  as secondary r e a c t i o n s  begin t O  
predominate. The t r e n d  i n  t h e  CO p roduc t i on  i s  n o t  as c l e a r l y  de f i ned  b u t  i t  i s  
h i g h l y  improbable t h a t  such a s t a b l e  molecule would undergo secondary reac t i ons ;  
v e r y  l i k e l y ,  i t s  y i e l d  becomes constant  as t h e  precursors become depleted.  

CH3CH0, CH3COCH3 and C2H5CH0 a r e  t y p i c a l  products  observed i n  t h e  thermolys is  
of hydrocarbons i n  t h e  presence o f  mo lecu la r  oxygen and a l s o  have been observed t o  
pass through a maximum w i th  i n c r e a s i n g  c o n v e r ~ i o n . ~ - ~ ~  I n  these systems, however, 
CO i s  a m ino r  p roduc t  a t  low convers ion and COP i s  o n l y  de tec ted  a t  h igh  conver- 
s ions ,  o f  t h e  o r d e r  o f  30%.1° I n  c o n t r a s t ,  even a t  ve ry  low conversions, CO and 
CO2 a r e  t h e  most abundant products  formed upon o x i d a t i o n  o f  o i l  sands, and the  con 
y i e l d s  a r e  much h i g h e r  than  those of CO. I t  i s  tempt ing  t o  c o n j e c t u r e  t h a t  these 
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Figure 3. 
products of Athabasca o i l  sand i n  the  
presence of oxygen a t  403°K as a function 
of time. 

Yields of the  thermolysis 

products a r e  formed mainly, i f  n o t  e n t i r e l y ,  from carboxylic acids and aldehydes 
already present as  cons t i tuents  i n  the  bitumen and t h a t  the other i den t i f i ed  prod- 
ucts a r e  formed fia oxidation o f  hydrocarbon precursors;  however, we have observed 
t h a t  the CO and C02 yie lds  depend to  some exten t  on the nature of t he  sample and 
i t s  previous h is tory  and therefore  much more work i s  needed before the reaction 
channels can be elucidated. 

The oxidation o f  hydrocarbons by molecular oxygen involves a complex reac t ion  
network; however, i t  i s  commonly accepted t h a t  a chain mechanism i s  operative and 
t h a t  one of the f i r s t  products formed i s  a hydroperoxide which may be oxidized 
further o r  decompose thermally, i n i t i a t i n g  new c h a i n ~ . ~ - l ~  

- i n i t i a t i o n :  
RH + 02 + R. + HOn- 

- chain propagation: 
R e  + 02 
RO,. + R'CHO + OH. 

RO2. 

+ RO2- + RH + ROOH + R. 

+ R"C = CH2 + CH2O + OH. 

1 )  

- chain termination: 
R- , R 0 2 - ,  OH., H02. +Molecular Products 
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D e t a i l e d  d i s c u s s i o n s  o f  t h i s  genera l  mechanism have been presented i n  seve ra l  pub- 
l i c a t i o n ~ . ~ ~ ~ * ~ ~ - ~ ~  Th is  t ype  o f  mechanismapplies t o  pu re  hydrocarbons and i t s  
a p p l i c a t i o n  t o  a complex system such as Athabasca o i l  sand i s  o f  ve ry  l i m i t e d  scope; 
moreover, i t  does n o t  account  f o r  most o f  t h e  COP and CO y i e l d s  evolved i n  t h i s  low 
temperature reg ion ,  278 t o  403°K. 

I t  shou ld  be no ted  t h a t  t h e  q u a n t i t i e s  o f  CO and COP evolved a r e  t h e  most sen- 
s i t i v e  i n d i c a t o r s  o f  t h e  degree o f  o x i d a t i o n  o f  t h e  sample and t h e r e f o r e  can shed 
l i g h t  on i t s  p r e v i o u s  h i s t o r y .  For  example, CO was demonstrably absent among the  
products  evo lved  upon the rmo lys i s  o f  a f r e s h  oil sand sample f rom t h e  Athabasca 
r e s e r v o i r ,  s t r o n g l y  suggest ing t h a t  t h i s  d e p o s i t  has n o t  been exposed t o  a i r  i n  
t h e  r e c e n t  pas t .  
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